S
tudying wild animals in situ is fundamental to collecting basic animal life-history, health, biological and broader ecological information. Generally, wild animals need to be immobilised in some way so that they can be examined, sampled, marked and/or equipped with tracking apparatus. This enables researchers to quantify health parameters and vital rates, such as survival and fecundity, or to quantify animal movement and habitat use. However, capturing wild animals is inherently risky and there is much interest in application of immobilisation that is safe for both the animals and researchers. 1 One of the more challenging groups of animals to immobilise is the bovines. These (tribe bovini, subfamily Bovinae) are a group of medium to large ungulates, which includes wild oxen, bison, buffalo and cattle. 2 Bovines that have been domesticated include domestic cattle (Bos taurus), yaks (B. grunniens), banteng cattle (B. javanicus) and the water buffalo (Bubalus bubalis). Two distinct types of domesticated water buffalo (B. bubalis) are recognised; river buffalo, mostly farmed in west Asia, and swamp buffalo in east Asia. The anatomy and physiology of members of the bovines are similar. Of particular relevance to anaesthetic management is the presence of a capacious, complex forestomach, which predisposes to the risk of regurgitation and aspiration. 3 Additional risk factors for the chemical restraint of nondomesticated bovines are attributable to temperament and behaviour. Wild bovids typically maintain large individual distances and enact a vigorous flight response to perceived threat, predisposing them to metabolic and physical complications arising from being chased. The capture environment is often hazardous to free-living wild bovids that are affected by anaesthetic drugs. Bovine strength, aggression and the presence of horns pose a risk to humans during chemical capture events. Accordingly, an ideal approach to the field chemical capture of wild bovines encompasses minimal chase, short anaesthetic induction times, effective, safe and reliable restraint, mitigation of the risk of regurgitation and rapid anaesthetic recovery.
The development of the synthetic potent opioid anaesthetic drugs etorphine, fentanyl, carfentanil and thiafentanil in the early 1960s revolutionised the chemical capture of wild hoofstock. 4, 5 The potency, high therapeutic index and reversibility of this group of compounds enabled the administration of small-volume anaesthetic doses combined with synergistic sedative drugs in a projectile syringe to effect safe anaesthesia that could be delivered by remote injection and completely reversed by administration of opioid antagonists at the conclusion of the procedure. The application of potent opioids to field capture has greatly facilitated an increased understanding of wild ungulate species via telemetric, physiological and disease [5] [6] [7] [8] [9] [10] which in turn has the potential to inform conservation management.
Although the use of potent opioids has been described in a wide variety of ungulate taxa, for each of which species-specific protocols have been developed, there are few reports of their use for the chemical capture of free-ranging water buffalo. 11 A single paper describes the use of an etorphine-based combination in four swamp buffalo and concluded that a mean induction time of 24 min was too long and likely to predispose to hyperthermia, misadventure and myopathy. 12 Domesticated swamp buffalo were introduced into northern Australia in the 19th century and had established significant feral populations by the early 20th century. 12, 13 By the 1980s over 300,000 feral animals were estimated to inhabit the wet tropics of the Northern Territory, Australia, where they caused extensive environmental damage and were an important reservoir for bovine tuberculosis. 14 An intensive culling program was initiated in 1979 as part of the Australian National Brucellosis and Tuberculosis Eradication Campaign. 15 Large numbers of swamp buffalo were exterminated and when the campaign was completed in 1997, it was estimated that there were only several hundred residual animals. Numbers increased thereafter to approximately 150,000 by 2007 and swamp buffalo have again become the focus of control programs, particularly in Kakadu National Park where they and the associated environmental degradation are rapidly increasing. 16 Feral swamp buffalo management programs in Kakadu need also to consider the importance of the animals to the Aboriginal Traditional Owners who increasingly view them as a valuable economic, subsistence and cultural resource. 17 A research project aimed at better understanding the ecology of swamp buffalo within Kakadu was developed to inform animal management strategies. Kakadu National Park is World Heritage listed for its ecological and cultural significance and is situated in the wet tropics of northern Australia. Kakadu covers approximately 20,000 km 2 and comprises a variety of landscapes including seasonal floodplains, savannah woodlands and stony plateaus and escarpments. 18 A component of the project was the chemical capture of 16 animals for the attachment of satellite tracking collars for a telemetric study. The project provided an opportunity for a concurrent anaesthetic trial aimed at testing and characterising the use of thiafentanil in two different anaesthetic combinations for the field capture of swamp buffalo.
Materials and methods
This study was approved by the Charles Darwin University Animal Ethics Committee (AEC no. A13010). The capture team consisted of a wildlife veterinarian, an ecologist and a helicopter pilot. Team member roles were clearly defined during the capture procedure, with the veterinarian assuming responsibility for anaesthetic monitoring and management. Travel to capture locations and darting of animals was via a single turbine, two-bladed, 5-seat helicopter (Bell Jet Ranger 206 series, Bell Helicopter, Mirabel, Quebec). Helicopter usage and remote capture locations necessitated rationalisation of personnel and gear. Personnel were fully briefed on the risks associated with accidental human exposure to potent opioid drugs and procedures were in place to manage this contingency, including ready availability of suitable opioid antagonists for emergency administration.
Animal capture was scheduled for late in the dry season during a 2-week period in October when maximum daily temperature was 34 C and maximum daily humidity was 83%. All captures were undertaken in the morning prior to 11 am. A total of 17 free-ranging female adult swamp buffalo were captured; 1 animal was excluded from the study at the point of capture because of failure to fulfil subject criteria. Specific areas of the Park nominated by the ecologist were strategically targeted for animal capture to ensure a good representation of Kakadu's swamp buffalo population. Upon location of an appropriate group of animals, a subject individual was chosen from the air and mustered into an appropriate darting situation. To be included in the study subjects were required to be adult, female and in apparently good health with a body condition score of 2 or 3 according to a system developed for Bali cattle. 19 Chase time was defined as the time between identification of a subject animal and administration of capture drugs by dart and was divided into two categories: minimum (< 10 min) and maximum (> 10 min).
Animals were darted and monitored from the air during the induction phase. Capture drugs were administered by 3-mL plastic darts fitted with 60-mm 14G needles (Daninject ApS, Borkop, Denmark) fired from a CO 2 gas-powered dart rifle (Daninject Model JM Standard).
Subject animals were divided into two treatment groups: the first 7 animals were anaesthetised with a combination (ETA) of etorphine (etorphine hydrochloride, 9.8 mg/mL; Novartis, South Africa), thiafentanil (thiafentanil oxalate, 10 mg/mL; Wildlife Pharmaceutical, South Africa) and azaperone (40 mg/mL; Elanco Animal Health, NSW, Aust) and the subsequent 9 animals with a combination of thiafentanil and azaperone (TA).
For the purpose of opioid dosage, body weight was estimated and animals were assigned to one of two body weight classes: class 1 (250-350 kg) and class 2 (350-450 kg). Dosage of potent opioids on the basis of median body weight for each weight class were 0.01 mg/kg of each of etorphine and thiafentanil for the TEA group and 0.02 mg/kg thiafentanil for the TA group (i.e. for the ETA group, animals in weight class 1 were given 3 mg and 3 mg of etorphine and thiafentanil, respectively, and in weight class 2, 4 mg and 4 mg of etorphine and thiafentanil, respectively). For the TA group, animals in weight class 1 were given 6 mg thiafentanil and in weight class 2, 8 mg thiafentanil; 80 mg of azaperone was used in all anaesthetic doses irrespective of the weight class of the animal.
Anaesthetic reversal was by IV administration of 150 mg naltrexone (50 mg/mL; BOVA Compounding, NSW, Aust). All animals were monitored remotely from the air subsequent to naltrexone administration. Induction time was defined as the time between dart impact and recumbency. Duration was defined as the time between assumption of recumbency and standing subsequent to administration of naltrexone.
When recumbent, the animal was approached and, if necessary, repositioned. Satellite tracking collars (IridiumTrackM 4D, Lotek Wireless Inc., Ontario, Canada) were attached during the procedure. Animals were located several times weekly via satellite telemetry in the weeks subsequent to collar attachment.
All animals were maintained throughout anaesthesia in sternal recumbency with the head elevated such that the poll was the highest point of the body. A plastic intranasal tube was placed for the insufflation of 100% medical oxygen at a flow rate adjusted between 5 and 15 L/min to maintain optimal oxygen saturation. In some patients oxygen administration was discontinuous because of limited availability. Patient monitoring during anaesthesia was by means of continuous pulse oximetry (Nellcor Oximax N65 portable oximeter, Medtronic, NSW, Aust) with the sensor attached to the pinna and by capnography (Surgivet V840 handheld capnograph. Sound Veterinary Equipment, VIC, Aust) via side stream sampling from a 6-mm endotracheal tube positioned in the nasal cavity. Random point-intime measurements of physiological variables, including rectal temperature, heart rate and respiratory rate, were also taken on multiple occasions throughout each procedure.
Blood samples were collected into plain and EDTA tubes from 12 animals at the conclusion of the procedure and transported on ice in Styrofoam containers back to base where the serum was separated. These samples were submitted for routine laboratory haematological and biochemical analysis for the purpose of confirming normal health status of subject animals. Serum creatine kinase (CK) and aspartate transaminase (AST) were used as indicators of myopathy and serum bicarbonate (HCO 3 − ) and anion gap (AG) as indicators of acidosis.
Statistical analysis
The difference between anaesthetic treatments with respect to induction time, mean body temperature, mean oxygen saturation, mean endtidal carbon dioxide, serum HCO 3 − , serum CK and serum AST was tested statistically. The effect of chase time on body temperature was also tested. Values are reported as mean AE SD. Data were tested for normality and all analyses were carried out in R (R Development Core Team 2016) 20 using unpaired t-tests. Significance was attributed to results where P < 0.05.
Results
One captured animal was excluded from the study subsequent to capture because of emaciated body condition. Coincidentally, this animal was observed to regurgitate shortly after assuming recumbency. Accordingly, it was elected to immediately terminate the procedure. Anaesthetic reversal drugs were administered and the animal recovered consciousness, stood and trotted away.
The anaesthetic induction dose was delivered via a single dart to all subject animals. The level of anaesthesia was consistent for all capture events. All patients were recumbent, unconscious, unresponsive to stimuli, relaxed and deemed to be at an anaesthetic plane adequate for minor surgical intervention with no requirement for supplementary anaesthetic drug administration. All animals were observed to stand and trot away normally subsequent to reversal of anaesthesia.
All subject animals were assessed to be in body condition scores between 2 and 4. Satellite tracking over the 4 weeks subsequent to capture confirmed all but one of the subject animals were active and mobile throughout their home ranges, suggesting normal health and musculoskeletal function. The exception was an animal that was unable to be located after collar application, which was presumed to be caused by collar failure rather than animal compromise as the collar mortality alert was not activated.
For the 16 subject animals, procedure duration was 30 AE 9.7 min. The mean anaesthetic parameters for the two groups and the results of statistical analysis are reported in Table 1 . Choice of anaesthetic Mean heart and respiratory rates were comparable between the two anaesthetic groups. Neither mean oxygen saturation (t9.772 = 0.398 [95% CI = −3.827 to 5.484], P = 0.699) nor endtidal carbon dioxide levels (t8.86 = −1.6953 [95% CI = −24.178 to 3.493], P = 0.125) were significantly affected by choice of anaesthetic combination. In all but one of the animals for which oxygen administration was discontinuous, oxygen insufflation resulted in an increase of blood oxygen saturation to beyond 88%.
Haematological and biochemical values from blood samples collected from subject animals are reported in Tables 2 and 3 . Blood values were comparable to published reference ranges for farmed swamp buffalo in Australia, with no evidence of pre-existing disease in subject animals. 21 Mean HCO 3-was higher and mean AG lower than domestic cattle reference ranges across both treatment groups. Despite this, the choice of anaesthetic combination had no significant effect on serum bicarbonate levels. There was no significant difference in the serum levels of CK (t7.678 = −1.555 [95% CI = −9.407 to 1.864], P = 0.1602) or AST (t8.997 = −2.596 [-99.617 to −6.849], P = 0.0289) between the two treatments. Discussion
The pursuit and chemical capture of wild animals elicits an acute behavioural and physiological stress response, which has significant potential to undermine anaesthetic outcomes and cause harm. Vigorous flight responses can result in misadventure. Prolonged muscular exertion associated with chase and reduced cardiorespiratory function caused by anaesthetic drugs can promote the pathophysiological cascade of capture myopathy characterised by hyperthermia, lactic acidosis, tissue hypoxia and muscle damage. 22 Additionally, anaesthetised ruminants are at particular risk of regurgitation and aspiration. It follows that ideal anaesthetic protocols for wild bovines encompass minimal chase and induction times, ensure normothermia, maintain adequate oxygenation and mitigate the risk of regurgitation.
Both of the anaesthetic combinations tested here consistently delivered safe, effective and reversible chemical restraint in feral swamp buffalo under field conditions. All of the subjects' physiological parameters were stable during anaesthesia and all animals regained consciousness, protective reflexes and normal mobility within minutes of administration of the opioid antagonist. Induction times achieved with both of the anaesthetic combinations used in this study were faster than those previously reported for the use of an etorphine-xylazine combination in field capture of swamp buffalo. 12 This is likely attributable to the presence of thiafentanil in the anaesthetic combination. The rapid onset of action of thiafentanil has Table 2 . Haematology values for swamp buffalo anaesthetised with thiafentanil-etorphine-azaperone (TEA) or etorphine-azaperone (EA) combination been previously noted and attributed to its molecular structure and lipophilic properties, which promote rapid uptake from injection sites and speedy passage across the blood-brain barrier. 6, 23 The predisposition of ruminants to passive regurgitation under anaesthesia is incompletely understood and has been attributed to siphonage arising from the combined effects of voluminous forestomach contents, recumbency, gravity and drug-induced relaxation of the oesophageal sphincter. Accordingly, management of the animal's posture during anaesthesia underpins regurgitation risk management for the ruminant patient. It has been speculated that active physiological processes (e.g. ruminal contraction) might contribute to the phenomenon and that these could be exacerbated by other factors (e.g. pharmacological effects specific to particular anaesthetic drugs, presence of disease etc.). It is interesting to note that the only swamp buffalo to regurgitate was excluded from the study on the basis of emaciation and was clearly in poor health.
Chase time exceeding 10 min was a risk factor for hyperthermia in this study. Of the 5 animals subject to these chase times, 3 had mean body temperatures exceeding the published critical maximum body temperature for domestic cattle of 39.5 C. 24 Pharmacological effects of opioid drugs contribute to respiratory depression in anaesthetised patients, predisposing them to hypoxia and hypercapnia. 25 Generally, plasma oxygen levels (PaO 2 ) in excess of 80 mmHg are considered adequate for the maintenance of tissue oxygenation and levels below 60 mmHg are an indication for implementation of supportive measures. 26 Pulse oximetry provides an approximation of haemoglobin saturation levels (SpO 2 ), which can be used to derive estimates of a patient's PaO 2 by reference to species-specific sigmoid oxygen-haemoglobin dissociation curves. In domestic cattle under standard conditions, the oxygen-haemoglobin dissociation curve predicts a PaO 2 of 66.4 mmHg at 95% SpO 2 , 51.5 mmHg PaO 2 at 90%SpO 2 and 39.5 mmHg PaO 2 at 80% SpO 2 .
27 By these estimates, the mean oxygenation of the swamp buffalo in this study was low. These data were likely skewed by the need to limit the oxygen administered to some animals because of limited availability. As a consequence, some animals were insufflated judiciously and intermittently during anaesthetic events. In those cases, an improvement in patient oxygenation was observed during periods of oxygen insufflation.
Generally, the blood results were comparable with published reference ranges for the species, suggesting that subject animals were all in normal health (Tables 2, 3) . 21 Enzyme indicators of muscle damage (CK and AST) in this study were not consistent with the presence of capture myopathy. CK is a particularly sensitive and early indicator of myopathy in domestic cattle and usually in excess of 1000 IU/L where acute myopathy is present. 28 Mean levels of serum bicarbonate were lower and the AG was higher than reference ranges for domestic cattle across both treatment groups, because of the presence of increased values in several individual animals suggesting that a degree of subclinical lactic acidosis was present, which was likely to be at least partly attributable to anaerobic metabolism associated with chase. 29 There was no significant correlation between choice of anaesthetic drug combination or chase time and serum bicarbonate. Although the mean endtidal carbon dioxide (etCO 2 ) for both treatment groups was less than 45 mmHg, it is possible that respiratory acidosis caused by hypoventilation also contributed to acid-base derangements in some subject animals, as the maximum mean etCO 2 for an individual animal in this study was 59.4 AE 5.7 mmHg. Unfortunately, blood gas data were not available to confirm and characterise acidosis.
Conclusion
The use of a TA combination with or without etorphine to a total potent opioid dosage of 0.02 mg/kg combined with 80 mg azaperone and opioid reversal thereafter with 150 mg naltrexone provided safe and effective reversible total injectable anaesthesia for wild swamp buffalo in the field, despite the occurrence of subclinical acidosis in some patients. Key to good outcomes are scheduling capture events during periods of lower ambient temperature and humidity, targeting healthy animals for capture, minimising chase times, managing animal posture to minimise the risk of regurgitation and the provision of supplementary oxygen to anaesthetised patients.
